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Abstract 
Vapor-liquid equilibrium (VLE) for two binary aqueous solutions of novel CO2 capture solvents were 
studied experimentally in a modified Swietoslawski ebulliometer at 70, 80 and 100 °C for one compound 
(Compound A) and at 50, 60, 80 and 100 °C for another compound (Compound B). The total pressure (P) 
as function of temperature (T) was measured for these binary solutions and the composition of the vapor 
(y) and liquid (x) phases were analyzed. Experimental P-T data were fitted to an Antoine equation. 
Experimental activity coefficients for Compound A were calculated using P, T, x, y data and activity 
coefficients for Compound B were calculated using only P, T, x data. Activity coefficients of Compound 
A and D were fitted to Wilson and NRTL models.  
The total pressure (P) as a function of temperature (T) was measured for one novel ternary solvent 
system, containing Compound A, B and water at a certain concentration ratio. 
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1. Introduction 
Vapor-liquid equilibrium (VLE) in CO2 capture systems is an important factor for the design of 
separation equipment and gas treating processes. For proper thermodynamic modeling accurate 
equilibrium data for the solvent-water systems over a wide range of temperatures, pressures and 
compositions are essential[1] and play an important role for the selection of novel and energetically 
favorable solvents. 
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In this paper, two binary aqueous solutions of novel CO2 capture solvents of Compound A and 
Compound B were studied experimentally in an ebulliometer where P-T-x-y data for the aqueous solution 
of Compound A, and P-T-x data for the aqueous solution of Compound B were generated. Based on this, 
experimental activity coefficients were calculated and fitted to Wilson and NRTL equations.  
In addition, one ternary solution, a mixture of compounds (A and B) and water at a given concentration 
was studied for total pressure as a function of temperature to examine the volatility of the blend of these 
CO2 capture compounds. 
The activity coefficients can be determined from experimentally measureable parameters as presented in 
equation 1[2]. 
.ii io
i i
y P
x P  
(1) 
  
Where 
^
0
( )exp
L sat
i i
L
i
V P Pii
RT  
(2) 
   
 
For total vapor pressure of the pure components several correlations are available. In this paper an 
Antoine equation (4) is used: 
10log ( / ) / ( / )
o
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For the purpose of describing non-ideal behavior of mixtures, excess functions are defined as the 
difference between the thermodynamic functions of a real mixture and those of the ideal mixture at the 
same conditions of temperature, pressure and composition [3]
given as: 
E idG G G  (4) 
         
E is related to activity coefficients of all components in a mixture and equation (5) shows this 
relationship. 
lnE i iiG RT x  (5) 
 
For binary mixtures this becomes 
.( ln (1 )ln )1 2
EG RT x x  (6) 
 
Experimental set-up and P-T data 
Due to the physical properties of Compound B in pure form, the isothermal vapor-liquid pure substance 
equilibrium (VLE) measurements in the temperature range 60-120 oC could not be performed in the 
modified Swietoslawski ebulliometer. These were therefore performed using a static method in a VLE 
apparatus. This apparatus consisted of a stainless steel cylinder placed in a heating bath filled with 
silicone oil. Saturation pressure at constant temperature was measured by a pressure sensor (PTX 1400). 
The pressure sensor used in this apparatus had a maximum pressure range of 200 kPa and an accuracy of 
0.3 kPa 
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Isothermal vapor-liquid equilibrium (VLE) measurements in the temperature range 70-140 oC for pure
Compound A and for aqueous solution mixtures of both A and B were performed in the modified
Swietoslawski ebulliometer described in detail by Hala et al[4] and Rogalski et al[5].
The equilibrium still of the ebulliometer, made of glass, has a volume of 200 ml. It is designed for
operation at temperatures below 200oC and pressures of maximum 1 bar. The experimental set-up is 
shown in the Figure 1[6] where also the detailed experimental procedures for operation and sampling are
described.
To determine the liquid and gas phase compositions at different temperatures and pressures, total
alcalinity titration, and FTIR techniques were used.
Experimental activity coefficients were calculated using equation 1. Binary interaction parameters were
determined by regression of the experimental data using Modfit, a Matlab program for parameters
estimation[7].
Figure 1. Experimental set-up: 1 ebulliometer; 2 pressure controller; 3 temperature controllers; 4 cold trap;
5 buffer vessel;    6 vacuum pump with buffer vessel[6].
Sample analysis
Each liquid and vapor sample was divided into two parts to be sent for both total alkalinity titration and 
FTIR analysis. Amine titration was used to determine total alkalinity of each sample with a standard 
procedure[8] using aqueous solutions of H2SO4, usually 0.2N or 0.01N. 
Fourier transform infrared spectroscopy (FTIR) was also used. IR spectroscopy is a technique used to
obtain molecular fingerprinting of any unknown sample. Keeping this in account, calibration solutions
with known concentration of compounds were prepared and composition of each VLE sample was
determined by comparing the intensity of spectra. For FTIR only two drops of each sample is required.
An FLTA2000-104 (FT-IR) from ABB was used for the analyses of the VLE samples. The range of 
spectrum used for analysis in this project is 400-6500 cm-1 and resolution of 16 cm-1. The accessory used 
for the analysis of liquid samples with FTIR spectroscope was an 
probe. To obtain the spectrum the PAS software (Protea analyzer software) was used.
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The Unscrambler program[9] was used to analyze the obtained spectrum files and build the prediction
model based on the calibration solution spectra. Unscrambler compares the height of different peaks and 
trends of the spectra to give an estimation of a certain component present in the sample. IR spectra for 
calibration solutions are generated and a model is developed based on comparison of IR spectra with 
results from titration or gravimetric analysis of calibration solutions. Unscrambler, digitalize the spectra
of the unknown sample and compares it with the generated model. Based on this comparison,
composition of an unknown sample is estimated.
Examples of comparison of of liquid phase titration and FT-IR analyses of Compounds A and B are
shown in figures 2 and 3 respectively. Deviations between concentration results obtained by titration and 
FTIR is reasonably low, and the two methods verified their accuracy. However, as seen from the graphs,
analyses in the low concentration range, x<0.05, may lead to higher uncertainties with this method.
Figure 2. Compound A, samples taken at 70 °C, FTIR results versus total alkalinity titration method.
Figure 3. Compound B, samples taken at 50 °C, FTIR results versus total alkalinity titration method.
P-T Results
P-T data of pure water are available in the literature and measurements were conducted with distilled 
water to validate the experimental procedure. Experimental results obtained from both ebulliometer and 
static VLE apparatus were compared with literature data from Green D.W and Perry R.H[10].and Ahmed 
N.C. et al.[11]. All the results are graphically compared in figure 4.
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Figure 4: PT data for pure water:  (o) this work; (* [10]; (o) Static VLE Apparatus;  
( ) Ahmed., N.C. et al.[11];  Blue Solid line - Antoine equation; Black solid line - Riedel equation. 
 
In figure 4, the P-T data generated from the two apparatuses are seen to be in a good agreement with 
literature data, hence the experimental procedure used in this project can be considered reliable, see figure 
5. Both the Antoine and Riedel equations can be used to represent the saturation pressure data. Due to 
reliable results at the studied temperatures, the Antoine equation was used to model the saturation 
pressure of both compounds. 
 
[10]  
 
At any temperature the saturation pressure of A is higher than for B, and both compounds studied in this 
paper have lower equilibrium vapor pressure than water. Binary mixtures with water of any of these 
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compounds plus the ternary mixture, with significant concentrations of the compounds, would be 
expected to have equilibrium pressures lower than water at the same temperature. This expectation was 
proven experimentally and the P-T data for water, for both pure compounds and for the chosen ternary 
system A/B/Water are presented in table 1. 
The promising system A/B/Water was found to have lower partial pressure than water and pure 
Compound A, which is a positive sign, as low volatility of the absorption agent is preferred for the 
practical process operation. 
 
Table 1. P-T data for pure water, pure compounds and combined system 
Water, this work Compound A Compound B A/B/Water 
T, °C P, kPa T, °C P, kPa T, °C P, kPa T, °C P, kPa 
60.187 20.08 69.974 7.50 59.80 28.00 38.730 4.78 
69.224 30.06 75.034 9.50 64.45 29.36 51.289 9.78 
75.987 40.08 80.047 11.87 69.67 31.43 65.687 19.79 
81.403 50.02 84.924 14.70 74.61 33.85 74.783 29.78 
86.022 60.00 90.017 18.20 79.55 36.55 81.618 39.79 
90.031 70.02 95.026 22.30 84.52 40.02 87.167 49.79 
93.580 79.99 99.997 27.10 89.49 44.04 91.850 59.78 
96.795 89.96 104.961 32.70 94.48 49.01 95.913 69.78 
99.723 99.99 109.957 39.34 99.48 54.02 99.531 79.77 
  114.981 47.04 104.49 59.79 102.800 89.77 
  120.006 55.90 109.48 66.5 104.331 94.76 
  125.060 66.04 114.46 74.15 105.611 99.09 
  129.981 77.56 119.46 80.8   
  135.004 90.77     
  138.174 100.00     
 
Adjustable parameters for the Antoine[12] and Riedel[10] equations used to fit saturation pressures of 
pure compounds and water are presented in table 2. 
 
Table 2. Adjustable parameters for Antoine and Riedel equations  
Chemical A B C D E Source 
Water Antoine 8.053 0.01 1718.715 2.57 232.692 0.34   This work 
Water Riedel 45.230 0.05 6264.073 7.5 3.463 0.04 0.00204 6 This work 
Compound A 7.3124378 0.25 1491.657 3.75 198.422 0.60   This work 
Compound B 46.047 2.5 285949.801 1429 6425.1933 124.45  This work 
log10(Pvap/mm Hg) = A - B/((T/°C) + C) Antoine equation 
ln(Pvap/Pa) = A + B(T/K) + C· ln(T/K) + D(T/K)E. Riedel equation 
 
P-T-x-y results for Compound A 
The ebulliometer (dynamic method) was used to generate PTxy data for Compound A. Experimental 
activity coefficients, calculated by equation 1, were used to find binary interaction parameters for the 
Wilson and NRTL equations. Modfit[7] was used to regress the data. Activity coefficients calculated by 
Wilson and NRTL models were used to estimate total pressure. Experimental total vapor pressure and 
individual activity coefficients as function of the liquid and gas phase mole fractions of Compound A at 
three different temperatures are compared with model results in figure 6. 
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The VLE data for Compound A is given in table 3. Figure 6 shows that the representations of both total 
vapor pressure and activity coefficient by both models agree well with the experimental data. Both 
models predicts the same value of activity coefficient as determined by experimental data. The 
determined parameters for both models can give reliable results at both low and high mol fraction of 
Compound A. Binary interaction parameters for Compound A for both Wilson and NRTL models are 
given in the table 5. Figure 6 shows the 
Compound A at different 
temperatures for binary mixture of Compound A and water. Unfortunately no experimental data exist for 
comparison. 
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Figure 6. Experimental data and the model predictions for (a) total pressure (b) activity coefficients and (c) Excess 
Gibbs Energy (Solid line, NRTL; Dashed line, Wilson; Red, 70 C; Green, 80 C; Blue, 100 C).  
Table 3. P-T-x-y data for Compound A 
at 70 °C at 80 °C at 100 °C 
T, °C P, kPa x y T, °C P, kPa x y T, °C P, kPa x y 
69.99 83.00 0.8134 0.7741 79.96 133.1 0.8127 0.7009 100.01 314.60 0.8006 0.6753 
69.93 96.70 0.5699 0.4174 80.06 157.0 0.5739 0.3969 100.00 382.00 0.5694 0.3799 
69.98 115.00 0.4309 0.2145 79.97 184.9 0.4368 0.2263 100.02 448.00 0.4270 0.2328 
70.07 137.00 0.3448 0.1082 80.00 220.1 0.3456 0.1151 100.02 518.90 0.3480 0.1175 
70.07 165.00 0.2773 0.0521 80.07 254.8 0.2866 0.0607 100.04 591.00 0.2810 0.0693 
70.00 186.10 0.2322 0.0333 80.04 287.3 0.2389 0.0369 100.01 652.00 0.2393 0.0397 
70.04 206.00 0.2001 0.0167 80.06 319.0 0.2011 0.0199 100.03 712.00 0.2002 0.0246 
70.03 224.00 0.1683 0.0106 80.01 345.0 0.1707 0.0123 100.03 760.00 0.1662 0.0169 
69.96 238.20 0.1483 0.0073 80.00 367.0 0.1481 0.0081 100.00 800.50 0.1479 0.0117 
70.02 250.90 0.1276 0.0046 79.99 384.9 0.1299 0.0056 99.99 832.00 0.1289 0.0093 
70.00 260.20 0.1126 0.0035 80.04 399.1 0.1126 0.0044 100.00 857.00 0.1167 0.0072 
70.04 268.00 0.1011 0.0025 80.04 410.0 0.0986 0.0034 99.94 877.00 0.1023 0.0071 
70.02 273.60 0.0887 0.0022 80.04 420.1 0.0869 0.0024 100.03 899.00 0.0914 0.0045 
70.02 279.10 0.0807 0.0018 80.00 427.5 0.0760 0.0019 99.98 912.00 0.0806 0.0035 
70.04 284.10 0.0733 0.0015 80.05 434.4 0.0680 0.0015 99.94 924.00 0.0719 0.0030 
70.00 286.30 0.0642 0.0013 80.04 440.2 0.0603 0.0015 100.01 938.00 0.0627 0.0026 
70.05 290.00 0.0576 0.0010 80.03 444.2 0.0534 0.0012 100.02 945.00 0.0570 0.0023 
70.04 293.00 0.0517 0.0009 79.99 447.4 0.0476 0.0012 100.01 953.00 0.0510 0.0020 
70.04 295.00 0.0464 0.0009 80.00 450.2 0.0435 0.0009 100.00 958.00 0.0463 0.0017 
70.09 297.00 0.0408 0.0008 80.02 452.9 0.0384 0.0008 100.01 965.00 0.0420 0.0014 
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P-T-x results for Compound B 
Compound B is solid at room temperature but is soluble in water. For generation of VLE data 85 wt % 
aqueous solution of Compound B was prepared and the ebulliometer (dynamic method) was used to 
generate PTx data in the temperature range 50-100 oC.  
The concentration of Compound B in the condensed vapor samples was very low, therefore only PTx data 
were used for determining binary interaction parameters and total pressure was used instead of 
experimental activity coefficients for fitting of the VLE data. PTx data for the aqueous solution of 
Compound B at different temperatures are presented in the table 4. Data on pressure as a function of 
concentration at four different temperatures determined by experimentation and predicted by both the 
Wilson and NRTL models are presented in figure 7. 
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Figure 7. Experimental data and the model predictions for (a) total pressure (b) activity coefficients and (c) Excess 
Gibbs Energy (Solid line, NRTL; Dashed line, Wilson; Red, 50 C; Green, 60 C; Blue, 80 C; Magenta, 100 C). 
 
Compound B are also plotted on the figure 7 as a function of mol fraction in the liquid phase. 
 
Table 4. P-T-x data for Compound B 
at 50 °C at 60 °C at 80 °C at 100 °C 
T, °C P, kPa x T, °C P, kPa x T, °C 
P, 
kPa x T, °C P, kPa x 
50.02 9.98 0.4142 16.50 165.00 0.4023 80.00 39.98 0.4154 84.96 849.60 0.4012 
49.95 10.60 0.3602 17.48 174.80 0.3270 79.99 42.10 0.3475 89.80 898.00 0.3369 
50.00 11.20 0.2191 19.08 190.80 0.1827 79.99 45.63 0.1761 98.70 987.00 0.1732 
50.06 11.70 0.1285 19.48 194.80 0.1121 80.00 46.41 0.1127 99.30 993.00 0.1150 
50.03 11.90 0.0964 19.56 195.60 0.0755 80.00 46.50 0.0755 99.70 997.00 0.0801 
50.04 11.99 0.0667 19.69 196.90 0.0326 79.77 46.67 0.0550 99.90 999.00 0.0560 
50.05 12.10 0.0495 19.80 198.00 0.0250 80.05 46.86 0.0411 100.08 1000.80 0.0423 
50.02 12.20 0.0363 19.80 198.00 0.0191 80.02 46.90 0.0302 100.10 1001.00 0.0243 
49.98 12.25 0.0270 19.80 198.00 0.0151 79.98 46.90 0.0229    
50.08 12.30 0.0205 19.80 198.00 0.0121 80.00 47.00 0.0179    
   19.90 199.00 0.0075 80.02 47.10 0.0140    
   19.90 199.00 0.0095       
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Table 5. Binary interaction parameters for Wilson and NRTL models 
Parameter Compound A + water Compound B + water 
Wilson 
A1/2 -8852.49  1260 16758.20 167 
A2/1 4398.83 660 -7746.83 76 
NRTL 
a1 0.537 0.068 -2.23 0.05 
a2 3.365 0.43 13.708 0.3 
b1 -1223.78 155 776.752 17 
b2 -419.95 0.53 -4047.595 89 
 0.2 0.57 0.012 
 
Sources of uncertainties 
For the composition determination of liquid and condensate titration and FTIR were used for analyses. 
Total alkalinity titration is a well-established and reliable technique for analysis of samples, so data 
generated by titration were used for the modeling and the FTIR data were compared with titration data to 
check their validity. 
Titration of the calibration solutions of Compound A for various concentrations (1-95% weight) showed 
that this assumption can be considered valid as the error was less than 1% compared to expected values 
calculated by gravimetric analysis. For analyses of Compound B it was found that there was less than 3% 
deviation between titration and FT-IR results, and that was considered to be acceptable for the further 
data evaluation. 
For generation of PT data of Compound B the static VLE apparatus was used with a pressure sensor 
which performs best near 2 bar pressure. The fitting of the Antoine equation showed 5% relative 
deviation. In order to verify the data the experiment was repeated , but no significant change in data was 
observed for the low pressure values. So an Antoine equation with 5% deviation was used in the 
modeling. 
For generation of mixture VLE data the ebulliometer apparatus was used also for the aqueous solutions of 
Compound B. Results of condensate phase analysis showed very low concentrations of Compound B. To 
avoid problem in modeling due to the hardly detectable concentrations in the condensate phase, only PTx 
data were used. 
 
Conclusions 
The Swietoslawski ebulliometer enables an accurate determination of the vapor-liquid equilibrium of pure 
components and mixtures. The accuracy of the results obtained is limited only by the purity of the 
substances used and by the precision of the analytical methods used for sample analyses. 
Obtained VLE data for two novel solvent systems, which can be used for the improvement of 
thermodynamic models of the acid gas-solvent-water systems, are be presented together with parameters 
for a description using the Wilson and NRTL frameworks. 
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